Research highlights: Water transport and CO 2 diffusion are two important processes that determine the CO 2 assimilation efficiency in leaves. The integration of leaf economic and hydraulic traits will help to present a more comprehensive view of the succession of woody plants in arid regions. However, studies on hydraulic traits of plants from different successional stages are still rare compared to that on economic traits in arid regions. Materials and methods: We selected 31 species from shrub stage, pioneer tree stage and late successional stage on the Loess Plateau, and measured five economic traits and five hydraulic traits of these species. Results: We found species from the pioneer tree stage exhibited "fast-growing" characteristics with high maximum net photosynthesis rate (P max ) and vein density (VD). Species from the late successional stage exhibited "slow-growing" characteristics with low P max and VD. Economic traits showed no significant differences among the three stages except for P max . Hydraulic traits, such as VD, leaf area to sapwood area ratio and vessel frequency, exhibited significant differences among different stages. Conclusions: Hydraulics may play an important role in the succession of woody plants in arid regions. Hydraulic traits and P max , should be combined to investigate succession of woody plants in future studies. The "fast-growing" characteristics of pioneer trees and "slow-growing" characteristics of late successional trees may induce the succession of woody plants.
Introduction
The majority of the Earth's forests are currently undergoing secondary succession [1] . A deeper understanding of the mechanisms that drive succession could help mitigate the losses of biodiversity and ecosystem function [2] .
Trait-based approaches are helping to deepen our understanding of the mechanisms that drive community assembly and successional dynamics [3] . Utilizing a trait-based approach would allow researchers to address successional drivers at multiple ecological scales and lead to new insights that integrate ecological systems [4, 5] . Plant functional traits are key biological characteristics to classify plant groups according to their responses to environmental factors [6] [7] [8] . Among various traits, those related to light capture and carbon economy have received most attention and form the leaf economic traits, such as leaf maximum photosynthetic capacity, leaf dry mass per area and leaf nitrogen concentration [9] . Other groups of traits related to water demand and supply form the hydraulic traits [10] , such as vein density, vessel frequency and vessel diameter. Studies on the trade-offs of different functional traits might be instructive to the prediction of species replacement, species abundance and distribution along succession, and provide guidelines for forest management and rebuilding [11] [12] [13] [14] .
A number of studies on economic traits have suggested that species from early stages exhibit high leaf nitrogen concentration, specific leaf area, growth rate and net photosynthesis rate but short leaf life span, while species from advanced stages exhibit opposite characteristics [15] [16] [17] . Obvious patterns of these traits have been found between the herbaceous stage and the woody stage as well as among different herbaceous stages (annual herb stage, perennial Artemisia stage and perennial grass stage) on the Loess Plateau [18] . However, the patterns of these traits among different woody stages (shrub stage, pioneer tree stage and late successional stage) have not been found. Economic traits of woody plants from different successional stages exhibit no conspicuous differences [18] . This indicates that economic traits may not be sufficient to investigate the succession of woody plants in arid regions.
Hydraulic traits, which describe the ability of water transport, have been reported to represent a major determinant of plant competitive ability, productivity, mortality and species distribution [19] [20] [21] [22] [23] . Some studies on tropical and subtropical forests have found that species from early stages tend to have higher hydraulic conductivity and greater resistance to drought than those from advanced stages of subtropical forests [17, 24] . However, studies on hydraulic traits of plants from different successional stages are still rare in arid regions. Furthermore, water transport and CO 2 diffusion are two important processes that determine the CO 2 assimilation efficiency in leaves [25] . However, the relationships between economic and hydraulic traits remain controversial. Li et al. [10] reported that these two sets of traits were decoupled in five tropical-subtropical forests. In contrast, we found that these two sets of traits are coupled in arid regions [26] . Therefore, the integration of economic and hydraulic traits will help to present a more comprehensive view of the succession of woody plants in arid regions.
Here, we test the roles that hydraulic traits and economic traits play in the succession of woody plants in arid regions. We analyzed ten traits across 31 angiosperms from three successional stages including anatomical, physiological and morphological traits on the Loess Plateau, which is famous for arid and uneven precipitation [27] . Specially, we selected five economic traits including leaf thickness (LT), maximum net photosynthesis rate (P max ), leaf dry matter content (LDMC), leaf dry mass per area (LMA), and leaf nitrogen concentration per mass (N). In addition, five hydraulic traits were analyzed, including vein density (VD), leaf water potential at turgor loss point (TLP), leaf area to sapwood area ratio (A L /A S ), vessel frequency (VF) and hydraulically weighted diameter (D h ) in branch. Specially, VD determines the water transport efficiency of leaves [28] ; TLP is related to drought tolerance of plants [29] ; A L /A S is related to the hydraulic efficiency of leaves and the xylem tensions of branches [30] . Furthermore, we selected two branch traits, D h and VF, to increase the dimensionality of traits. These two traits could represent the trade-off between hydraulic efficiency and hydraulic safety [31] .
We hypothesized that (1) species from different successional stages exhibit different traits to acclimate to the environmental shifts during forest succession (2) pioneer trees possess "fast-growing" characteristics, while species from the late successional stage may possess "slow-growing" characteristics.
Materials and Methods

Study Site
The study was carried out in the Ziwuling Forest Region (35 • 09 N, 108 • 45 E), in the middle of the Loess Plateau, Shaanxi Province, China. The climate is semiarid, temperate, continental monsoon, with a mean annual temperature of 9-11 • C [32] . The mean annual precipitation is c. 560 mm and mostly occurs in July, August and September. The natural vegetation has been changed due to the changing climate and anthropogenic interference. Further, the denuded lands have been abandoned to forest succession [2] . According to Zhu [33] and Yue [34] , stage one (15-50 years) of woody plants is dominated by shrubs. Up to stage two (50-100 years), pioneer trees represent the prominent growth. Finally, species in the genus Quercus dominate the late successional stage (>100 years). Quercus wutaishanica forest is the natural late successional vegetation in this region [35] . A set of 10 plots was established and surveyed in the study area during June to August 2016, assigned to three woody successional stages, comprising four 20 m × 20 m plots for shrub stage (0-10 cm soil N 1.37 mg g −1 , P 0.30 mg g −1 ), three 20 m × 20 m plots for pioneer tree stage (0-10 cm soil N 1.67 mg g −1 , P 0.18 mg g −1 ; stand density 1050 trees ha −1 ) and three 20 m × 20 m plots for late successional stage (0-10 cm soil N 2.32 mg g −1 , P 0.28 mg g −1 ; stand density 892 trees ha −1 ).
Species Selection and Sampling
Samples were collected from 31 woody deciduous species belonging to 26 genera and 14 families ( Table 1, Table S1 ). All sample collection and field experiments were carried out from June to August 2016. The species selected are common and abundant for different successional stages in the study area. For each species, at least 3-4 individuals (in habitats with similar light conditions) were sampled and 8-10 leaves were taken from three branches of each individual. All leaves and branches were collected using a long-reach pruner from the upper sunny part of the canopy. Once collected, three leaves per individual were immediately put into a formalin-acetic-alcohol (FAA) solution for analyses of venation traits. Other leaves were preserved in plastic bags with moist filter papers for analyses of economic traits except for photosynthesis rates measured in situ. 8-10 terminal branches were cut at the base from the upper sunlit part of the canopy of three to four individuals for each species in the early morning, with ends put into water, sealed in black plastic bags and transported immediately to the laboratory for water potential measurements. 
Economic Traits
A photograph of each fresh leaf surface was taken with a digital camera, and leaf surface area (LA, cm −2 ) was measured with Motic Images Plus 2.0 (Motic China, Xiamen, China) software. All leaves were then placed in a drying oven for 72 h at 70 • C to determine the dry mass. Leaf dry mass per area (LMA, g m −2 ) was calculated as the ratio of dry mass to LA. Leaf dry matter content (LDMC, mg g −1 ) was calculated as the ratio of dry mass to fresh mass [36] . Leaf thickness (LT, mm) was measured through transverse sections using Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MA, USA), avoiding the influence of major veins. For each section, 10-20 measurements were made. The leaf mass-based nitrogen concentrations (N, mg g −1 ) were determined using an elemental analyzer (Euro Vector EA3000, Milan, Italy).
Net photosynthesis rates of mature and fully expanded leaves were measured between 9:00-11:00 with the portable photosynthesis system (Li-6400, Li-Cor, Lincoln, NE, USA). CO 2 concentration was that of the ambient air and the flow rate was set at 500 µmol s −1 . Light was provided with an LED and the photosynthetically active radiation (PAR) gradients were 1800, 1500, 1200, 1000, 800, 600, 400, 200, 100, 50, 20 and 0 µmol m −2 s −1 [18] . The response curve of net photosynthesis rate to PAR was fitted according to Ye [37] and maximum net photosynthesis rate (P max , µmol m −2 s −1 ) was estimated.
Hydraulic Traits
Leaf vein measurements were performed according to the general protocols described by Brodribb and Jordan [38] , with modifications in the present study. A sample of approximately 1 cm 2 was excised from the leaf and placed in 10% sodium hydroxide aqueous solution for several hours to several days, until the minor veins were exposed. Then each sample was soaked in distilled water and stained in 1% toluidine blue for 30-60 seconds. Finally, the samples were mounted onto glass slides and photographed under a light microscope. The vein length was measured manually by drawing lines along the veins by using Image-Pro Plus 6.0. Vein density (VD, mm mm −2 ) was calculated as the total length of leaf veins per leaf area. VD was averaged from more than 20 randomly selected fields of view (c. 2.05 mm 2 ).
Leaf water potential at turgor loss point (TLP, MPa) was derived from the leaf pressure-volume relationships according to Zhu et al. [17] . Branch ends were re-cut underwater and rehydrated until leaf water potential exceeded −0.05 MPa. Leaves were first weighed to obtain the initial fresh mass and then immediately placed in a pressure chamber (SEC3115, Santa Barbara, CA, USA) to determine the initial water potential. Leaf weight and water potential were measured periodically during slow desiccation of the sample in the laboratory. Finally, leaves were oven-dried for 72 h at 70 • C to determine the dry weight. TLP was determined by a pressure-volume relationship analysis program developed by Schulte and Hinckley [39] .
Leaf area to sapwood area ratio (A L /A S , m 2 cm −2 ) was calculated as the ratio of leaf area attached per unit sapwood cross-section area [20] . Total leaf area of leaves distal to the base was measured by the same method as the individual leaves, and the diameter of sapwood was measured with a vernier caliper [36] .The vessel frequency (VF, mm −2 ) and hydraulically weighted diameter (D h , µm) were determined from the terminal branches used for A L /A S estimates (see below for further explanations). Considering that the vessels size changed along the tree stem and branch axis [40, 41] , subsamples of 2 cm in length were taken from the base of each branch. Then these samples were immersed for a few seconds in glycerin and cross-sections (20-40 µm) of the adaxial ends were cut with a microtome (Leica RM 2235, Leica, Wetzlar, Germany) to make sure the cut-off points of different species were similar. These transverse sections were mounted in glycerin on glass slides and photographed on a microscope. In each image, we measured individual vessel areas and counted the total number of vessels by using Image-Pro Plus 6.0 to estimate the mean vessel area (A) and number of vessels per unit area (VF). Vessel diameter (D) was calculated from the individual vessel area (D = (4A/π) 1/2 ). We calculated the hydraulically weighted diameter (D h , µm), defined as: D h = (ΣD 4 /n) 1/4 , where n is the total number of vessels [42] .
Statistical Analysis
Differences in leaf traits among different successional stages were tested with one-way ANOVA, and the Fisher LSD test was used for post-hoc analysis by using the STATISTICA 10.0 software (Statsoft, Tulsa, OK, USA). Relationships between pairwise traits were analyzed with Pearson's correlation, using zero-mean transformed values of the means of traits to meet the normality assumption. Relationships between pairwise traits were also calculated with phylogenetically independent contrasts (PICs) to evaluate whether the observed traits associations were the result of repeated evolutionary divergences, by using the "analysis of traits" (AOT) module in Phylocom version 4.1 [43] . Phylogenetic tree of the 31 species was generated based on the Angiosperm Phylogeny Group III classification of angiosperm ( Figure S1 ). Multivariate associations of 10 traits on the set of 31 species were analyzed with a principal component analysis (PCA) in CANOCO software for Windows 4.5 (Microcomputer Power, Ithaca, NY, USA), by using zero-mean transformed values of the means of traits to meet the normality assumption.
Results
Plants from pioneer trees stage exhibited significantly higher P max compared to those from shrub stage and late successional stage (Figure 1b) . Other economic traits showed no significant differences among the three successional stages. Furthermore, species from the pioneer tree stage showed significantly higher VD and VF than species from the late successional stage (Figure 1f,j) . A L /A S exhibited a significantly increasing pattern in the order of shrub stage, pioneer tree stage and late successional stage (Figure 1g ). In addition, TLP and D h showed no significant differences among three successional stages (Figure 1h,i) .
Pearson correlation analysis indicated that VD was positively related to P max , LMA and LT (Table 2) . A positive correlation was found between TLP and LDMC according to PICs. A L /A S showed negative correlations with LT, LMA and VD using original data and negative correlations with LDMC, LMA and VD according to PICs. VF was negatively related to D h . However, these two branch traits showed no significant correlations with leaf traits.
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Figure 1. Differences in (a-e) economic traits and (f-j) hydraulic traits of woody plants among the shrub stage (white columns), pioneer tree stage (grey columns) and late successional stage (black columns). Error bars represent 1 SE and different letters denote significant differences among different stages (P < 0.05, ANOVA). Trait abbreviations: LT (leaf thickness), Pmax (maximum net photosynthesis rate), LDMC (leaf dry matter content), LMA (leaf dry mass per area), N (leaf nitrogen concentration per mass), VD (vein density), TLP (leaf water potential at turgor loss point), AL/AS (leaf area to sapwood area ratio), VF (vessel frequency), and Dh (hydraulically weighted diameter).
Pearson correlation analysis indicated that VD was positively related to Pmax, LMA and LT (Table 2) . A positive correlation was found between TLP and LDMC according to PICs. AL/AS showed negative correlations with LT, LMA and VD using original data and negative correlations with LDMC, LMA and VD according to PICs. VF was negatively related to Dh. However, these two branch traits showed no significant correlations with leaf traits. Principal component analysis indicated that PCA axis 1, accounting for 29.77% of the total variation, showed strong loadings on LT, P max , LMA, VD and A L /A S (Figure 2a , Table S2 ). PCA axis 2, accounting for 23.57% of the total variation, showed strong loadings on LDMC, N, VF, D h (Figure 2a , Table S2 ). Plants from pioneer tree stage (except for Betula platyphylla) and late successional stage were separated well along PCA axis 1 (Figure 2b) . B. platyphylla possesses a much higher A L /A S than other plants from the pioneer tree stage and the second highest across all the 31 species (Table S1 ). This may induce the separation of B. platyphylla with other plants from the pioneer tree stage. Plants from the shrub stage were not separated from those at the pioneer tree stage and late successional stage along PCA axis 1 (Figure 2b ). This may be because that traits of plants from shrub stage varied within a wide range (Table S1) , exhibiting the functional diversity of shrubs. Plants cannot be separated along PCA axis 2 (Figure 2b) , showing that LDMC, N, VF and D h may not be key factors underlying species replacement along forest succession in arid regions. 
Discussion
Differences of Economic and Hydraulic Traits among different Successional Stages
In the present study, plants from pioneer tree stage had significantly higher Pmax compared to those from shrub stage and late successional stage (Fig. 1) . In general, plants from pioneer tree stage 
Discussion
Differences of Economic and Hydraulic Traits among Different Successional Stages
In the present study, plants from pioneer tree stage had significantly higher P max compared to those from shrub stage and late successional stage (Figure 1) . In general, plants from pioneer tree stage show high growth rate [17] , allowing them to rise from the shrub layer and occupy the canopy. The strong photosynthetic capacity is necessary to supplement the carbon cost for high growth rate [44] . Thus, pioneer trees exhibited the highest P max among three successional stages. However, other economic traits showed no significant differences among three successional stages (Figure 1 ), which were consistent with the previous study on a few dominant species in this region [18] . This shows that P max may play a more important role than other economic traits in the succession of woody plants in arid regions.
Furthermore, pioneer trees exhibited higher VD and VF than plants from late successional stage (Figure 1 ). This may be due to the highest P max of pioneer trees. We found P max showed significantly positive correlation with VD. This indicated the correlations between economic traits and hydraulics. For terrestrial plants, the ability of leaves to maintain high photosynthetic rate while avoiding desiccation is the greatest biophysical barrier to carbon gain and ultimately survival [45] [46] [47] . To replenish the water lost from open stomata, an efficient water supply is indispensable which is correlated with high VD [28, 38, 48, 49] . VD has considerable effects on hydraulic pathlength and bundle sheath surface area [50, 51] , thus VD is vital in determining water transport efficiency [28, 38, 52] . Therefore, pioneer trees retained higher VD than plants from other stages to replenish the water lost from open stomata induced by high P max . Moreover, wide vessel diameters are important for achieving the high levels of water transport efficiency [53] , while many narrow vessels are safer than a few wide vessels [20, 31, 54] . However, vessel diameters exhibited no significant differences among different successional stages, while pioneer trees showed significantly higher VF than late successional trees. It shows that pioneer trees may possess both high efficiency and safety to maintain the high growth rate.
In addition, we found A L /A S showed a significantly increasing pattern in the order of successional stages. This was consistent with the increasing soil moisture along the succession trajectory. There is strong evidence that A L /A S plays a vital role in the water relations of plants [55] [56] [57] . Decreased A L /A S could increase hydraulic efficiency and reduce the xylem tensions required to supply evaporative area with water [30] . Moreover, TLP is a key trait in assessing drought tolerance among species and biomes [58] , but we did not find significant differences of TLP among three successional stages. When we compared our results with those of a study conducted on 34 woody species in south China (mean annual total precipitation c. 1900 mm) [17] , an 8.7% lower TLP was found in the present study. This indicated that plants from arid regions were more resistant to desiccation than plants from humidity regions. It seems that the low TLP might be necessary all across the arid habitats of the Loess Plateau. On the other hand, all of the 31 species are deciduous. They can escape harsh conditions by shedding leaves so that they possess similar drought tolerance ability.
Strategies of Different Successional Stages: Growth vs. Survival
Studies on growth-survival trade-offs have been conducted to assess plants performance in different light environments [59] [60] [61] . Light-demanding species that occupy forest gaps, possessing high specific leaf area and strong photosynthetic capacity, grow quickly in high-level light environments but die quickly if overtopped and shaded [60, 61] . In contrast, shade-tolerant species that occupy understory, possessing low specific leaf area and weak photosynthetic capacity, have high survival rates but limited growth rates [60, 61] . This trade-off allows plants to adapt to different light environments, but it is not well understood in arid conditions.
We found the trade-offs between growth and survival could be used to explain the succession of woody plants in the present study. Survival is the main priority for plants in arid regions so that plants enhance their drought tolerance ability and increase their survival rates, even with a decrease in hydraulic efficiency and growth rates [62] . We found traits that showed no significant differences were mainly for drought tolerance, including LT, LMA, LDMC and TLP. These traits help plants to maintain high survival rates on the Loess Plateau.
On the other hand, pioneer trees possess high growth rates so that they could occupy the upper canopy and obtain sufficient light. Along axis 1, species from the pioneer tree stage exhibited "fast-growing" characteristics, such as high P max and VD and low A L /A S . These traits help pioneer trees win the competition with shrubs. In general, pioneer trees are light-demanding species. They grow quickly in high-level light environments but die quickly in shade environment [60, 61] . Therefore, pioneer trees are finally replaced by trees from the late successional stage. Late successional species are mainly shade-tolerant species. They have high survival rates but low growth rates understory [60, 61] . Along axis 1, species from the late successional stage exhibited "slow-growing" characteristics with low P max and VD and high A L /A S . Due to their high survival rates in shade environments, late successional trees win the competition with pioneer trees after slow growth for a long time.
Conclusions
Our results highlighted that hydraulic capacity played an important role in the succession of woody plants on the Loess Plateau. P max was more effective than other economic traits for estimating the succession of woody plants. Hydraulic traits and P max should be combined to investigate succession in the future. Species from the pioneer tree stage exhibited "fast-growing" characteristics with high photosynthetic and hydraulic capacity, while species from late successional stage exhibited "slow-growing" characteristics with low photosynthetic and hydraulic capacity. In addition, species from the shrub stage showed a wide range of characteristics from "fast-growing" to "slow-growing", exhibiting the functional diversity of shrubs. The trade-offs between growth and survival may induce the succession of woody plants on the Loess Plateau.
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